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Abstract
The future of water security in the U.S. is clouded by the progression of anthropogenic
climate change and the increasing number of households unable to afford access to safe drinking
water, while advances in detection and potential health risks of trace organic contaminants are
constantly moving the water treatment finish line. There is a need for sustainable, economically
feasible technology to provide the means to meet increasingly stringent water quality regulations
while also ensuring current standards are met for all communities. Biologically active filtration,
combined with an operational approach designed to optimize contaminant removal by the biofilm,
may enable water treatment facilities to meet current and future needs by utilizing challenging
water sources.
This research expands the current understanding of biological filtration for U.S. drinking
water treatment and its potential role in addressing contaminants of emerging concern through an
analysis of several datasets to address whether biofiltration is a feasible treatment option for 1,4dioxane removal. Unregulated Contaminant Monitoring Rule (UCMR) data were found to
represent only 8.9% of public water systems (PWSs) in the U.S., but these PWSs provide the
drinking water for 83.1% of the population. Common practices in biological filtration include
ozone combined with chlorine disinfection, dual media, and mostly surface waters as the primary
water source. Most systems surveyed backwash biofilters with unchlorinated water and report
total organic carbon (TOC) removal and taste and odor as biofiltration targets. For 1,4-dioxane
occurrence, 22.2% of PWSs had detectable levels, averaging 0.151 µg/L. Of these PWSs, most
were in U.S. Environmental Protection Agency (EPA) regions that report the most biofiltration
iv

and granular activated carbon (GAC) filtration use in treatment process schemes, representing an
opportunity to upgrade to or introduce biological filtration in these PWSs.

v

Chapter 1: Introduction
The sustainability of U.S. drinking water treatment is challenged by water scarcity and
water quality changes due to climate change, water equity and affordability issues, and
increasingly stringent water treatment requirements due to widespread and increasing detections
of contaminants of emerging concern (CECs) and their impacts on human and environmental
health. Furthermore, treatment objectives may become even more challenging to achieve as direct
and indirect potable reuse become viable solutions to water insecurity. One treatment process
within drinking water facilities that may offer a solution is filtration, required for most surface
water treatment facilities under the Safe Drinking Water Act. By operating filters in a way that
allows microorganisms to populate the media, filters become biologically active, and the resulting
treatment process is referred to as biologically active filtration, or biofiltration.
The goal of conventional filtration is to meet turbidity requirements while maximizing
filter run times and minimizing head loss (Emelko et al., 2006). Several design and operational
features have been found to affect substrate biodegradation and the microbial community structure
within the biofilm, including pre-ozonation, contact time, filter media type, and backwashing with
a disinfectant or air scour (Emelko et al., 2006; Liu et al., 2001; Moll & Summers, 1999). Research
addressing the occurrence and biodegradation potential of emerging contaminants, such as the
manufacturing by-product 1,4-dioxane, could encourage the development of sustainable
technologies to address increasingly challenging source waters and demanding treatment
objectives, particularly with regard to impacts of engineering decisions at water treatment
facilities.
1

Accordingly, the objectives of this research include:
1. Understanding of how biofiltration is currently utilized in U.S. drinking water treatment,
including system and source water characteristics and treatment objectives
2. Determining the prevalence of 1,4-dioxane detections and elevated concentrations
3. Assessing the potential of U.S. biofiltration facilities to address elevated 1,4-dioxane through
biological filtration
To accomplish the first objective, two separate datasets were analyzed. The first dataset,
results from a survey carried out by the Water Research Foundation, provides specific insight into
the drivers that facilities report for utilizing and optimizing biological filtration. The second
dataset, comprised of Unregulated Contaminant Monitoring Rule (UCMR) 3 and UCMR 4
contaminant occurrence and facility characteristic data, was used to understand biofiltration
drinking water system characteristics and source waters as compared to U.S. facilities that do not
use this treatment process.
The second objective, observing 1,4-dioxane prevalence, was accomplished through
analyzing UCMR 3 and UCMR 4 datasets that have been combined and geolocated to provide
geographic locations of water systems that have detected 1,4-dioxane and any system
characteristics identified in the subset of facilities with elevated concentrations of the contaminant.
The third objective used data collected by UCMR 4, combined with 1,4-dioxane
occurrence data from UCMR 3, to observe any trends in system characteristics such as source
water, whether the facility currently utilizes biofiltration, and whether the facility is using granular
activated carbon filtration that may represent an opportunity for a future upgrade to biologically
active filtration. Several studies have shown that promotion of biofilm growth on existing GAC
media, without the need for microbial seeding or additions of any kind, enhances contaminant
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removal and overcomes challenges with conventional GAC filtration such as decreased adsorption
capacity over time or fully saturated adsorption sites (Li et al., 2012; Simpson, 2008; Zhang et al.,
2017). Furthermore, conversion of GAC to BF can extend the media service life from 6-12 months
to 2-5 years (Simpson, 2008).
The remainder of this thesis consists of a literature review, chapter 2, which includes a brief
history of regulations on drinking water filtration in the U.S., current water security challenges, an
overview of each chosen contaminant and the microorganisms identified in their biodegradation,
and prior analyses of UCMR 3 data. The knowledge gaps this research will address are also
presented in chapter 2. Next, chapter 3 contains the methodology for the database analysis,
followed by results and discussion in chapter 4. Finally, conclusions of the data analysis for
objectives 1, 2, and 3 are presented in chapter 5.

3

Chapter 2: Literature Review: The Need for Optimized Biological Filtration
2.1 Filtration and Drinking Water Regulations
Filtration is required for most surface water treatment facilities under the Safe Drinking
Water Act, excluding only surface water sources that meet qualifications for watershed protection.
This filtration requirement was included in the Surface Water Treatment Rule (SWTR) in June of
1989 and was expanded to require strengthened filtration in December of 1998 under the Interim
Enhanced Surface Water Treatment Rule (IESWTR) (40 CFR Part 141, Subpart H). Under these
and subsequent rules, the vast majority of surface water treatment facilities, as well as those
utilities using groundwater sources under the direct influence of surface water (GWUDI), are
required to filter. This requirement enables treatment of protozoa such as Giardia lamblia and
Cryptosporidium parvum that disinfection alone cannot safely accomplish. Indeed, the Long Term
1 Enhanced Surface Water Treatment Rule (LT1ESWTR) of 2002 (40 CFR Part 141, Subpart T)
requires that surface water facilities calculate the risk trade-off of their system with regards to
disinfection byproducts and levels of microbial inactivation.
The steps involved in the treatment of drinking water are developed to meet the regulations
mandated by the Safe Drinking Water Act, and as such, each step in the process is monitored for
efficacy in meeting the standards. A typical water treatment plant may employ a treatment train
that includes rapid mixing followed by coagulation/flocculation, sedimentation, filtration, and
finally disinfection before the treated water moves into the distribution system. The portion of this
process on which this thesis will focus is filtration, which is any process that is used to remove
particles from water by passing water through a porous medium, such as a granular bed or a
4

membrane. Surface water sources contain particles such as algae, sediment, or organic/inorganic
particles, as well as harmful microorganisms. Removing these particles improves the clarity of the
finished water while reducing the potential formation of disinfection byproducts.
Biologically active filtration, also called biofiltration, is a type of granular media filtration
that enables heterotrophic bacteria to colonize the filter media, forming a biofilm. The
microorganisms within the biofilm are capable of degrading biodegradable organic matter (BOM),
as well as many micropollutants. It is important to note that, while granular filtration may not be
operated as biologically active filtration to encourage biofilm development, microorganisms are
ubiquitous and certainly inhabit non-biologically-active filter media, such as GAC. Biologically
active filtration does not have a concrete operational definition, however at least one study has
used adenosine triphosphate (ATP) concentration on filter media to deem a GAC filter
“biologically active”, suggesting a benchmark of 100 ng ATP/cm3 media (Sharma et al., 2018).
This study also reports that GAC filters typically take a few months to be considered biologically
active.
The focus of conventional filtration is on meeting turbidity requirements while maximizing
filter run times and minimizing head loss (Emelko et al., 2006). Filter performance is indicated by
effluent turbidity, which is measured a minimum of every four hours (40 CFR Part 141.74(c)); 95
percent of turbidity measurements must be below 0.3 NTU to meet U.S. regulations (40 CFR Part
141.173). Filter run length, or how long the filter is online before backwashing, is another
important operational parameter that facility operators monitor. The rate and duration of
backwashing can impact the performance of the filter as extended, vigorous backwashing can
disrupt the biofilm established on the biofilter media. Ozonation, empty bed contact time (how
long water to be treated is in contact with filter media), media type, and backwashing with a

5

disinfectant or using an air scour have been found to have considerable impact on substrate
degradation in biofilters; combined with temperature and pH, these factors also have an impact on
microbial community structure in the biofilm (Emelko et al., 2006; Liu et al., 2001; Moll &
Summers, 1999).
By focusing on turbidity removal, drinking water regulations and guidelines for filtration
in the U.S. have not been updated to include changes in design, operations, and maintenance that
could help facilities meet more stringent water quality and treatment goals. For example, recent
studies on biofilters have evaluated various biofilter media (Sharma et al., 2018), impacts of
ozonation on biodegradable organic matter removal (Terry & Summers, 2018), and sequential
biofiltration to improve biodegradation susceptibility (Müller et al., 2017). The adjustment of these
parameters could enable biofilters to meet current water quality standards and effluent
requirements as well as to remove contaminants of emerging concern and meet future drinking
water regulations.

2.2 Water Insecurity: Challenges to Sustainable Drinking Water Treatment
Drinking water infrastructure should reflect the concept of water as a human right, an idea
presented in a resolution from the United Nations. This endeavor will require cost-effective,
sustainable solutions in light of affordability concerns and climate change (United Nations General
Assembly, 2010). In a systematic literature review conducted by Schimpf and Cude (2020), the
authors define water insecurity in the U.S. as a lack of access to affordable and safe water for
drinking, cooking, and sanitation. The study found that, with regard to improving public health,
typical interventions include improvements in water affordability, documentation of water losses
due to drought or distribution system losses, and monitoring of compliance to drinking water
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standards. These strategies highlight the importance of developing a national understanding of
access to safe drinking water, especially what portion of the population is left out. The growing
scarcity of water and increasingly complex treatment requirements must not be allowed to further
the inequities seen in the U.S. in access to safe drinking water (MacDonald Gibson et al., 2014),
but instead should be used as a catalyst to implement sustainable and affordable treatment
processes, requiring more research into the efficacy of these biological treatment processes.

2.2.1 Affordability and Vulnerable Communities of the U.S.
Water insecurity is a national challenge, and disparities exist in access to safe, reliable
water due to factors such as race, income, and a lack of protections for vulnerable households
(Meehan et al., 2020). In a statistical analysis of data from Wake County, North Carolina
performed by MacDonald Gibson et al. (2014), race was found to play a role in access to municipal
drinking water. For every 10% increase in the African American population, the odds of lacking
access to municipal water service increased by 3.8% when controlling for population density and
property value. Similarly, a statistical analysis of SDWA data found a significant correlation
between race and SDWA health violations in communities of lower socioeconomic status,
highlighting racial inequities that do not statistically hold until relationships with socioeconomic
status are considered (Switzer & Teodoro, 2018). In another study on racial and income disparities
in U.S. drinking water infrastructure, the author took a systems approach in reviewing evidence of
disparity within the relatively limited sociodemographic data, finding that communities without
access to safe drinking water, or often piped water in general, includes tribal communities,
unincorporated U.S.-Mexico border communities, migrant farm workers, and rural minority
communities (VanDerslice, 2011).
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The U.S. EPA has set an affordability threshold on the cost of water in the U.S., stating
that the fees for sewer and water combined should not exceed 4.5% of median household income
(U.S. Environmental Protection Agency, 2002). It is worth noting here that there is currently no
legal framework preventing utilities from shutting off water to delinquent properties, and no
policies on water affordability despite the U.S. EPA’s adoption of household affordability
guidelines. Water is shut off by utilities in the U.S. typically after 1 to 3 months of failing to pay.
During the national emergency of the COVID-19 pandemic, a white paper estimated that moratoria
on utility disconnections in all U.S. counties from early March, 2020 until the end of November,
2020 could have reduced infections by 8.7% and deaths by 14.8%, as vulnerable communities
would have retained access to safe and reliable water for drinking, cooking, and sanitation (Jowers
et al., 2021). The pandemic undoubtedly increased the portion of the population considered
vulnerable to water shutoffs, as these same communities were also those most affected by the
pandemic itself: lower-income, African American and Hispanic communities (APM Research Lab,
2021; Tai et al., 2021). Post-pandemic life will reveal a population even less able to afford access
to safe drinking water.

2.2.2 Challenging Source Waters
Adding to the difficulties already faced by drinking water providers in distributing safe
drinking water to the entire population of the U.S., climate change is expected to increase the
frequency of extreme weather events, with high agreement among experts that raw water and
subsequent drinking water quality will suffer (IPCC, 2014). Extreme weather events such as heavy
rainfall and floods, superstorms, drought, extreme heat, extreme cold, and wildfires all have a
negative impact on water quality, including increased concentrations of dissolved organic matter,
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inorganic materials, nutrients, micropollutants, and pathogens in source waters, as well as
disinfection by-products (Delpla et al., 2009; IPCC, 2014). Treating these increasingly challenging
source waters may increase power consumption and chemical use, as well as require additional
monitoring to protect customers, increasing the financial burden on water suppliers (Khan et al.,
2015). Climate change also impacts the transport and fate of environmental pollutants, particularly
for persistent organic pollutants (POPs), a class of pollutants of global concern, as they are widely
transported (UN Environment Programme, 2001). These chemicals, such as perfluorooctanoic acid
(PFOA) and dichlorodiphenyltrichloroethane (DDT), are targeted by the Stockholm Convention,
a global treaty designed to protect human health and the environment from chemicals that remain
in the environment for long periods of time. The emission of these pollutants has been directly
linked to changes in global temperatures and global extreme weather such as droughts and floods
(Wang et al., 2016).
In addition to the predicted negative impacts of climate change on source water quality,
conventional water supplies are also facing the challenges of population growth, making the use
of challenging source waters more attractive. The Tampa Bay Water 2018 Long-term Master
Water Plan (LTMWP) identified two priority water reuse projects that will be pursued: aquifer
recharge and indirect potable reuse (Tampa Bay Water, 2018). These goals, which will augment
and protect current drinking water wells and surface sources, require advanced reclaimed water
treatment processing for indirect potable reuse.
In developing future water treatment technology, researchers and industry should
acknowledge the opportunity that direct potable reuse (DPR) represents. DPR involves the direct
use of treated wastewater in an advanced water treatment facility, as opposed to the conventional
practice of drawing from surface water or groundwater sources that benefit from an environmental
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buffer. Currently, there are 27 direct and planned indirect potable reuse systems online in the U.S.,
with only two of these facilities discharging directly into distribution systems (Sim & Mauter,
2021). Additionally, a total of 12 DPR facilities, including demonstration and pilot facilities, have
been installed since 1980. Study data from Sim and Mauter (2021) also show that 12 out of the 70
operational, pilot, demonstrative, and future reuse facilities in the U.S. were located in Florida,
with the potential for this technology to take hold in the state, as evidenced further by one of Tampa
Bay Water’s 2018 LTMWP project concepts to pipe wastewater treatment plant effluent directly
into an advanced water treatment plant (Tampa Bay Water, 2018).
Significantly, de facto wastewater reuse is a widespread practice, potentially exposing a
significant population to contaminants of emerging concern (CECs) from wastewater, as source
waters are extracted from downstream of treated wastewater effluent (Rice et al., 2013). Many
CECs are known to persist in wastewater effluent (Archer et al., 2017; Snyder et al., 2003; Styszko
et al., 2020), and treated wastewater has been found to be the most significant contributor of
pharmaceuticals and personal care products (PPCPs) in some surface waters (Im et al., 2020;
Kasprzyk-Hordern et al., 2008, 2009; Kolpin et al., 2002). Examples of frequently detected CECs
and their properties will be discussed in section 2.3. Whether or not a water recovery solution such
as DPR is employed, drinking water sources are currently contaminated with various
concentrations of CECs, posing a challenge for advanced treatment techniques.
The biological activity occurring within a biofilter is an underutilized water treatment
opportunity that may enable this treatment of challenging water sources, as native microorganisms
are potentially capable of a wider range of contaminant degradation and greater levels of
optimization than the typical operational parameters might suggest. Thus, implementation of an
optimized biologically active filtration (BAF) treatment process, potentially as a pre-treatment step
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in an advanced water treatment facility, would enable water treatment facilities to meet or even
exceed future water quality standards, especially those of contaminants of emerging concern
(CECs), by taking advantage of the biological mechanisms freely available in source waters.
Improvements made in biofiltration treatment processes for the development of
technologies in the water industry will impact the health of our communities, both directly as
consumers use potable and reclaimed water, and indirectly as treated wastewater is released back
into the environment. Societal progress and industrialization will promote the creation of new
chemicals, pharmaceuticals, and products, and we must continue to develop water treatment
processes in response to risks to human and environmental health. Representing a challenge to
drinking water treatment as well as a valuable water reuse opportunity, DPR facilities require
careful monitoring of contaminants as well as of public opinion, and biological filtration may offer
a sustainable solution to meet this need. The DPR concept has already allowed some communities
in the U.S. to move towards more sustainable drinking water.

2.3 Contaminants of Emerging Concern
For the purposes of this thesis, the term CEC is used to define the groups of chemicals
identified by other research groups as emerging contaminants (ECs), micropollutants (MPs),
emerging pollutants (EPs), pharmaceuticals and personal care products (PPCPs), persistent organic
pollutants (POPs), or trace organic compounds (TOrCs). Examples of contaminants with these
designations include industrial chemicals (such as polybrominated diphenyl ethers), endocrine
disruptors, sunscreens, soaps and detergents, antibiotics, over-the-counter medications, and many
prescribed or illicit drugs (OW/ORD Emerging Contaminants Workgroup, 2008; U.S. Geological
Survey, 2017). These contaminants are increasingly detected in surface waters at low
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concentrations due to factors such as urban runoff, agriculture, septic systems, fire fighting
training, and household PPCP use. Many CECs are not effectively removed by wastewater
treatment processes before being discharged into the environment (Archer et al., 2017; Snyder et
al., 2003; Styszko et al., 2020). Current biofilters are not designed and operated for CEC removal,
but instead target turbidity removal and optimize filter run times. An optimized biofilter must
maintain previous water quality goals in addition to meeting new challenges, a concept outlined in
Figure 2.1.
Optimization of biofilter design and operations for CEC removal must be further
researched, and this is beginning to occur. For example, Vatankhah et al. (2019) evaluated an
enhanced ozone and biologically active filtration process for the removal of 1,4-dioxane and
disinfection byproduct (DBP) precursors from an apartment wastewater stream as part of a
potential DPR scheme. The study found that ozonation followed by BAF removed approximately
25% of 1,4-dioxane, while the addition of GAC to the O3 reaction, promoting hydroxyl radical
formation, increased the O3/BAF removal to approximately 50% (Vatankhah et al., 2019).
Maximize Filter Run
Time

Turbidity
Removal

BOM Removal

CEC Removal

Granular Filtration
Conventional BAF
Proposed BAF
Figure 2.1 Treatment goals of drinking water filtration
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Acetaminophen

Oxalic acid

1,4 - Dioxane
Salicylic acid
Figure 2.2 Chemical structure of example CECs. Source: U.S. National Library of Medicine
(2021) in the public domain.

The remainder of this literature review concerns the potential for biodegradation of
acetaminophen, 1,4-dioxane, oxalate, and salicylic acid through biological filtration. Oxalate and
salicylic acid are carboxylic acids included as surrogates for natural organic matter (NOM), while
the pharmaceutical acetaminophen represents a fast-degrading CEC (Richardson & Bowron,
1985). The final CEC included is the chemical stabilizer 1,4-dioxane, which has been previously
identified as challenging to biodegrade (Agency for Toxic Substances and Disease Registry, 2012;
Mohr, 2001). The chemical structures of these CECs are shown in Figure 2.2, while the physical
and chemical properties are shown in Table 2.1.
Table 2.1 also includes a summary of the justification for inclusion of each of these four
contaminants in this literature review. Acetaminophen is one of the most widely used and
frequently detected pharmaceuticals in the world (Henderson et al., 2020), and has been found to
13

readily biodegrade (Richardson & Bowron, 1985), while 1,4-dioxane is resistant to biodegradation
and is well known as a CEC (U.S. Environmental Protection Agency, 2017). Salicylic and oxalic
acids have been included in this review as these contaminants are frequently detected lowmolecular-weight organics formed in the ozonation of water prior to biofiltration in drinking water
facilities, a process that enables natural organic matter to more readily biodegrade (Liu et al., 2015;
Peldszus et al., 1998).
Table 2.1 Physical and chemical properties of CECs

Contaminant

Chemical
Formula

Molecular
Weight
(g/mol)

Solubility
(g/L at 25
°C)

log
Kow

Acetaminophen
Salicylic acid

C8H9NO2
C7H6O3

151.16
138.12

14
2.2

0.46
2.26

C2H2O4
C4H8O2

90.03
88.11

220
miscible

-0.81
-0.27

Oxalic acid
1,4 - Dioxane

Justification for Inclusion
Pharmaceutical
Surrogate for NOM,
Personal Care Product
Surrogate for NOM
CEC included in UCMR 3

Sources: PubChem (National Center for Biotechnology Information, 2021c, 2021d, 2021a, 2021b)

2.3.1 Acetaminophen
Pharmaceuticals, a group of contaminants considered to be of emerging concern, have been
found in surface waters at increasing concentrations. Acetaminophen (Paracetamol, IUPAC name
N-(4-hydroxyphenyl)ethanamide) is one of the most frequently detected pharmaceutically active
compounds; the analgesic has been studied for use as an anthropogenic tracer along with the
caffeine molecule as these ubiquitous compounds degrade rapidly and would thus represent recent
inputs (Henderson et al., 2020). However, caffeine occurs naturally and is thus not as effective
serving as an anthropogenic tracer. A study from the U.S. Geological Survey (USGS) found a 23%
detection frequency for acetaminophen at concentrations of up to 10 µg/L in U.S. streams (Kolpin
et al., 2002), as well as detection in finished drinking water (Frick et al., 2001). A later study on
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USGS data from 2006 found that a creek without any identifiable upstream point sources of
wastewater effluent had concentrations of acetaminophen between 14 and 350 ng/L and locations
upstream of wastewater effluent discharges had concentrations as high as 48 ng/L (Reif et al.,
2012), suggesting that acetaminophen can impact surface waters even without wastewater
treatment plant (WWTP) discharges, probably due to septic tank use.
Aquatic exposure to acetaminophen has potential risks; a hazard quotient of 1.8 has been
calculated by dividing the predicted environmental concentration (PEC) by the predicted no effect
concentration (PNEC), suggesting potential for environmental risks, though long-term exposure
has not been thoroughly investigated (Kim et al., 2007). Considered to be a readily biodegradable
compound (Richardson & Bowron, 1985), acetaminophen represents a fast-degrading CEC, and
further study of the filter biofilm and CEC degradation may reveal opportunities for optimization
of biological filtration design and operations to address this CEC.

2.3.2 Oxalic and Salicylic Acids
Many biofilters follow ozonation, a step in the water treatment process that chemically
breaks down structurally complicated NOM into smaller, low-molecular-weight organics that are
readily biodegraded. Considered to be disinfection by-product precursors, carboxylic acids are
examples of these organics formed after ozonation of water in drinking water treatment (Liu et al.,
2015; Peldszus et al., 1998); the two carboxylic acids considered in this study, oxalic acid and
salicylic acid, have been chosen as surrogates for NOM following ozonation.
Oxalic acid, or oxalate, has been found within the water treatment process upstream of
filtration in concentrations of tens and hundreds of micrograms per liter. In a study by Emelko et
al. (2006), the authors used oxalate to represent carboxylic acid, measuring total organic carbon
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(TOC), carboxylic acids, and aldehydes to assess biodegradable organic matter (BOM) removal
before and after backwash. The filter influent oxalate concentration was between 400 and 600
µg/L. Findings suggested that water temperature was critical, negatively affecting BOM removal
capacities at low temperatures (Emelko et al., 2006). In a study on carboxylic acid formation in
ozonated waters, authors found that oxalate concentrations reached 40 µg/L at an ozone dose of
5.0 mg/L (Liu et al., 2015), while Hammes et al. (2006) found similar concentrations formed after
ozonation, between 18 and 60 µg/L. Another study of filter influent found oxalate present at a
concentration of approximately 250 µg/L (Kuo, 1998).
Salicylic acid is prevalent in surface waters at concentrations of tens of nanograms per liter.
A study of surface waters in South Wales, UK, found salicylic acid concentrations at different
sample points along the River Taff, with averages ranging from 4 to 47 ng/L. In the River Ely,
salicylic acid concentration was between 15 and 48 ng/L and, on average, the concentration in
surface waters of South Wales is around 29 ng/L (Kasprzyk-Hordern et al., 2008). A study on
surface and drinking water in Quebec, Canada, found average surface-water salicylic acid
concentrations ranging from 21.6 to 39.0 ng/L, and finished drinking-water concentrations from
20.5 to 50 ng/L (Pulicharla et al., 2021). A study on a variety of water samples’ PPCP
concentrations in Valencia, Spain, found 22 river water samples had an average salicylic acid
concentration of 70 ng/L, while 8 tap water samples averaged 31 ng/L and WWTP influent and
effluent averaged 295 and 30 ng/L, respectively (Carmona et al., 2014).
These studies have reported concentrations of salicylic acid as an ingredient in personal
care products; however, the molecule may also be used to represent a low-molecular-weight
organic compound. Previous research has used this organic, with its simple benzene ring structure
and a carboxylic and hydroxyl group (Figure 2.2), to represent NOM (Alfredo, 2012; Liu et al.,
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2013; Teixeira & Rosa, 2006). While salicylic acid concentrations post-ozonation have not been
measured, salicylic acid concentrations used as a NOM surrogate will have concentrations
significantly higher than those found in natural waters, typically around 5 mg/L-C (Alfredo, 2012).

2.3.3 1,4-Dioxane
The final CEC included in this study, 1,4-dioxane, was primarily used as a stabilizer in
chlorinated solvents, especially 1,1,1-trichloroethane (TCA), prior to the limits placed on TCA
beginning in 1996 under the Montreal Protocol on Substances that Deplete the Ozone Layer
(European Commission, Joint Research Centre, 2002). Over 90% of 1,4-dioxane produced prior
to 1996 was used to produce chlorinated solvents. Current applications of 1,4-dioxane include
plastic, rubber, pesticides and insecticides, adhesives production, and laboratory applications. The
chemical is also a by-product in many manufactured goods, such as dyes, greases, paint strippers,
PET plastic, and even in some consumer goods such as shampoos and cosmetics (Agency for Toxic
Substances and Disease Registry, 2012; Mohr, 2001). Currently, two manufacturers in the U.S.
produce 1,4-dioxane, while overall U.S. production volume has decreased from 10 – 50 million
pounds in 1986 and 1990 to an estimated 1 – 10 million pounds in 2006 (U.S. Environmental
Protection Agency, 2015).
Due to its widespread applications, 1,4-dioxane may be present in trace amounts on crops
that were sprayed with pesticides or insecticides that contained the chemical, on PET plastic
manufacturing sites, and particularly at TCA-contaminated sites (Agency for Toxic Substances
and Disease Registry, 2012; Mohr, 2001). Confirmed by the physical and chemical properties of
1,4-dioxane shown in Table 2.1, the hydrophilic chemical is expected to migrate rapidly in
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groundwater, with weak sorption onto soil, allowing for long travel distances in groundwater (U.S.
Environmental Protection Agency, 2006b).
1,4-dioxane has previously been under regulatory consideration by various agencies and
regulators. It is considered under the Clean Air Act (CAA) to be a Hazardous Air Pollutant (HAP)
and is a hazardous substance under the Comprehensive Environmental Response, Compensation
and Liability Act (CERCLA) (Clean Air Act Amendments of 1990, 1990; U.S. Environmental
Protection Agency Office of Solid Waste, 1996). The Food and Drug Administration (FDA) has
set a limit of 10 mg/kg for the chemical in ingested products (U.S. Food and Drug Administration,
2006). In December of 2016, the EPA initiated an evaluation of the contaminant under the Toxic
Substances Control Act (TSCA) as one of the first ten chemicals to undergo assessment under
section 6 of the amended Act; the evaluation concluded that 1,4-dioxane does not pose an
unreasonable risk to the general population through surface water sources (U.S. Environmental
Protection Agency, 2017).
With regard to drinking water in the U.S., 1,4-dioxane was listed on the third and fourth
Contaminant Candidate Lists (CCLs), a list of contaminants not currently under any proposed or
national primary drinking water standards but that are known to be present in public water systems
and may potentially fall under SDWA regulation. 1,4-dioxane was then evaluated according to
three criteria that must be met for regulatory consideration: 1) whether it is harmful to human
health, 2) whether it occurs frequently enough and at high enough concentration in public water
systems to impact health, and 3) whether, by the sole judgement of the Administrator, a regulation
will provide a meaningful reduction in health risk to the public. In March 2020, in the Preliminary
Regulatory Determinations for Contaminants on CCL4, the EPA stated that there was “no
meaningful opportunity for public health risk reduction” in setting a regulation for 1,4-dioxane, so

18

a federal maximum contaminant level (MCL) for drinking water was not established (U.S.
Environmental Protection Agency, 2020a). The Preliminary Regulatory Determinations for CCL4
also reported that, while 1,4-dioxane is occurring in U.S. drinking water supplies at concentrations
greater than the health reference level, the EPA has deferred a regulatory determination for the
contaminant as the agency is awaiting risk evaluation information.
The cancer classification for 1,4-dioxane, according to the EPA, is “likely to be
carcinogenic to humans” after studies on rats, mice, and guinea pigs (U.S. Environmental
Protection Agency Integrated Risk Information System, 2013). The National Toxicology Program
and the International Agency for Research on Cancer (IARC) state that the compound is
“reasonably anticipated to be” and “possibly” carcinogenic to humans, respectively (National
Toxicology Program, 2016; IARC, 1999). After its inclusion on the third UCMR, the EPA
estimated from occurrence data that 1,4-dioxane in drinking water may cause less than two
baseline cancer cases per year, but other health-risk analyses have not yet been conducted by the
agency (U.S. Environmental Protection Agency, 2021b).
While the EPA and other U.S. government agencies do not currently propose MCL for 1,4dioxane, some states have moved forward with their own guidelines, standards, and even an MCL
for the contaminant. This state-led regulatory action in the absence of a federal regulation was seen
with PFAS and PFOA, as several states have recently established an MCL for these contaminants
without any current federal standard. Many of these same states have established drinking/ground
water guidelines for 1,4-dioxane, including California, New York, New Hampshire, New Jersey,
Pennsylvania, Michigan, and Massachusetts; these regulatory standards and guidelines are
summarized in Table 2.2.
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Notably, New York State has set aggressive standards for emerging contaminants,
establishing an MCL for 1,4-dioxane as well as for perfluorooctane sulfonate (PFOS) and
perfluorooctanoic acid (PFOA). New York is the first and currently only state in the U.S. with an
MCL for 1,4-dioxane, a standard set at 1 µg/L on August 26, 2020 (New York Codes Rules and
Regulations, 2020; New York Governor’s Press Office, 2020). This regulation was established

Table 2.2 State regulations for 1,4-dioxane in drinking water
State

Regulation Type

Californiaa
Connecticutb
Floridac
Mained
Massachusettse
Minnesotaf
New Hampshireg

State Notification Level
Action level
Health Advisory Level
Maximum Exposure Guideline
Drinking Water Guideline
Drinking Water Guideline
Ambient Groundwater Quality Standard; Drinking Water
Standard by default
Maximum Contaminant Level

New Yorkh

Concentration
(µg/L)
1
3
0.35
4
0.3
1
0.32
1

Sources: aCalifornia State Water Resources Control Board (2021), bConnecticut State Department of Public Health
(2021), cFlorida Department of Health (2016), dMaine CDC (2016), eMassachusetts Department of Environmental
Protection (2021), fMinnesota Department of Health (2021), gNew Hampshire Department of Environmental Services
(2020), hNew York State Department of Health (2020)

after Governor Cuomo of New York signed a bill that severely limited the amount of 1,4-dioxane
that is permissible in household cleaning products, cosmetics, and personal care products.
As a legislative act, these regulatory standards were set according to the Bill’s stated goal of
reducing impacts of the contaminant on drinking water.
Internationally, few nations have established drinking water standards for 1,4-dioxane;
however, the World Health Organization (WHO) has set a water quality guideline of 50 µg/L in
drinking water in 2005 (World Health Organization, 2005), and this same value was adopted for
drinking-water-quality health standards by the Republic of Korea, New Zealand, and Japan (An et
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al., 2014). The standard of 50 µ g/L, while based on cancer risk reductions, also took into
consideration current feasibility and detection levels for the contaminant. The WHO report states
that detection limits are as low as 0.1 µg/L through various techniques, and technologically
achieving a concentration of 50 µg/L should be feasible with advanced water treatment. The
findings of this report - based on toxicological studies, detection and treatment feasibility, and
occurrence data - contrast with New York State’s MCL, which is much lower and is not supported
by clear scientific and economic justification.

2.4 Microbial Biodegradation Potential
The goal of biological drinking water treatment is to biodegrade contaminants present in
the influent water, targeting them either due to their inherent negative impacts on finished water
quality or due to their ability to react with downstream disinfection processes leading to the
formation of disinfection byproducts. Within negative impacts, contaminants may impart an
undesirable taste or odor to the finished water or may be harmful to the health of consumers or the
environment.
Not only do highly specialized microorganisms exist that can accomplish CEC
degradation, but they can also be identified and thus quantified by identifiable portions of their
DNA. A summary of microorganisms and genetic identifiers is included in Table 2.3. This
information may be used to inform molecular techniques for identifying microbial community
characteristics and shifts within the biofilm of a biologically active filter. For example, a study on
pilot-scale biofilters found that the composition of the filter media microbiome varied with bed
depth, media type, backwashing practice, and water quality changes, and that microorganisms’
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Table 2.3 List of microorganisms shown to use substrate as sole carbon and energy source and genes identified in substrate
degradation.
Substrate

Microorganisms

Gene(s)

1,4-Dioxane

Pseudonocardia dioxanivorans CB1190
Pseudonocardia benzenivorans B5
Pseudonocardia dioxanivorans CB1190
Several genera, including Pseudonocardia,
Mycobacterium, Afipia, Rhodanobacter,
Acinetobacter, and Rhodococcus

dxmB, poxD,
and sad

Salicylic acid

Pseudomonas putida
Pseudomonas putida R1
Pseudomonas fluorescens HK44
Pseudomonas spp.
Pseudomonas sp. ST1
Delftia tsuruhatensis
Pseudomonas aeruginosa
Stenotrophomonas maltophilia
Oxalobacter formigenes, many others throughout 3
phyla

nahG

Acetaminophen

Oxalic acid

---

oxc and frc

References
Bernhardt & Diekmann, 1991;
Gedalanga et al., 2014; Huang et
al., 2014; Inoue et al., 2016; Y. M.
Kim et al., 2009; Mahendra &
Alvarez-Cohen, 2005, 2006; Matsui
et al., 2016; Parales et al., 1994;
Polasko et al., 2019; Pugazhendi et
al., 2015; Sei et al., 2013
Chakrabarty, 1972; Sazonova et al.,
2008; Silva et al., 2007; You et al.,
1991; Zuniga et al., 1981
Ahmed et al., 2001; De Gusseme et
al., 2011; Khan et al., 2006; Zhang
et al., 2013
Baetz & Allison, 1989; Lung et al.,
1994; Hervé et al., 2016; Khammar
et al., 2009; Sahin, 2003; Sidhu et
al., 1997
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metabolic needs dictated their location within the biofilter (Ma et al., 2020). Ma et al. (2020) also
found that community diversity decreased with bed depth, with bacterial communities in the top
layer of the biofilter significantly differing from communities located deeper within the filter. This
study shows that some research is occurring on the impacts of biofilter operations on the microbial
communities, but more needs to be done to understand the impacts of these engineering decisions
on the community structures, CEC degradation potential, and ability to meet current and upcoming
drinking water regulations.
Several studies have isolated strains of bacteria and archaea capable of utilizing the
contaminants included in this study as their sole carbon and energy source. In 1972, Chakrabarty
(1972) found that the pathway for salicylate degradation is transmissible between species, and that
the R1 strain of Pseudomonas putida is capable of utilizing salicylate as the sole carbon source
(Chakrabarty, 1972). Later, Zuniga et al. (1981) discovered through studying P. putida that the
dissimilation of salicylic acid is indeed plasma-encoded, allowing the ability to be transferred
across species. Also studying P. putida, Sazonova et al. (2008) found that the classical nah2 operon
is not responsible for degradation mechanisms in the species, while You et al. (1991) found that
the nahG gene is indeed plasma-encoded and responsible for salicylate degradation. Another study
on salicylic acid degradation found that Pseudomonas fluorescens HK44 is capable of complete
degradation of salicylic acid (Silva et al., 2007).
The degradation of oxalic acid is carried out by the oxc and frc genes, which were cloned
and sequenced from Oxalobacter formigenes (Baetz & Allison, 1989; Lung et al., 1994; Sidhu et
al., 1997). Sahin (2003) summarizes the many species of oxalotrophic bacteria reported in previous
work; the large group of bacteria capable of oxalic acid degradation is included in three phyla,
including Actinobacteria, Firmicutes and Proteobacteria (Hervé et al., 2016). The frc gene was
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found useful as a genetic marker for oxalate-oxidizing bacteria, as the set of individual species
capable is diverse (Khammar et al., 2009).
More recently, the species capable of degrading acetaminophen have been identified. A
study on acetaminophen degradation found that the strain Pseudomonas sp. ST1 is capable of using
the compounds as its sole carbon and energy source (Ahmed et al., 2001). The first study reporting
bacterial strains capable of using acetaminophen as the sole carbon source found that Delftia
tsuruhatensis and Pseudomonas aeruginosa, isolated from a membrane bioreactor, had this
capability (De Gusseme et al., 2011). A later study found three bacterial strains capable of using
acetaminophen as sole carbon, energy, and nitrogen sources, including Stenotrophomonas
maltophilia and two strains of Pseudomonas sp. (Zhang et al., 2013). Through studying
Pseudomonas sp., this degradation capability was discovered to be located on a plasmid (Khan et
al., 2006).
The degradation of 1,4-dioxane, with the compound as the sole carbon and energy source,
has been reported with several genera, such as Pseudonocardia (Inoue et al., 2016; Mahendra &
Alvarez-Cohen, 2005, 2006; Matsui et al., 2016; Parales et al., 1994; Sei et al., 2013),
Mycobacterium (Kim et al., 2009; Sei et al., 2013), Afipia (Sei et al., 2013), Rhodanobacter
(Pugazhendi et al., 2015), Acinetobacter (Huang et al., 2014), and Rhodococcus (Bernhardt &
Diekmann, 1991). Useful biomarkers for dioxane-degrading microorganisms include three genes:
dxmB/dioxane

monooxygenase

(DXMO),

poxD/phenol-2-monooxygenase

(PHE),

and

sad/aldehyde dehydrogenase (ALDH) (Gedalanga et al., 2014; Polasko et al., 2019).
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2.5 Unregulated Contaminant Monitoring Rule 3 Data and Analyses
National occurrence data for unregulated drinking water contaminants are collected every
five years as required under the EPA Safe Drinking Water Amendments of 1996. This data
collection program, referred to as Unregulated Contaminant Monitoring Rule (UCMR), monitors
all PWSs serving greater than 10,000 people, as well as a selection of smaller systems whose
selection and inclusion depends on the year of the monitoring event (U.S. Environmental
Protection Agency, 2021d). The contaminants chosen for the UCMR program are often based on
those listed on the Contaminant Candidate List (CCL) or other priority lists, which are not currently
federally regulated, but may occur in public water systems and may warrant SDWA regulation.
UCMR candidate contaminants are also those that have not already appeared on a previous UCMR
monitoring event. Additional criteria considered for choosing UCMR contaminants includes
public interest, availability of health information (such as carcinogenicity), and feasibility of
monitoring. The completed UCMR occurrence data provides scientific data on the occurrence and
concentrations of priority contaminants at the national level.
With monitoring completed in December of 2015 for UCMR 3, the dataset has been
analyzed in various recent studies on impacts of emerging contaminants on drinking water. The
data have been used to evaluate a hydraulic model that estimates WWTP effluent’s contribution
to WTP influent concentrations of emerging contaminants (Rice et al., 2015), as a snapshot of
Tribal water supplies’ emerging contaminants and water treatment priorities (Conroy-Ben &
Crowder, 2020), and to show the occurrence and trends of PFAS in drinking water supplies (Guelfo
& Adamson, 2018). Another study used ZIP code information from UCMR 3 to locate the
hydrological network of each water system, allowing authors to link PFAS concentrations to
known point sources such as industrial sites, military fire training areas, and WWTPs (Hu et al.,
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2016). Also using the occurrence data and ZIP code information for PFAS from UCMR 3, a study
by Hurley et al. (2016) linked study participants’ serum concentrations of PFAS to detections of
PFAS, while in another study the occurrence of chlorate in drinking water and the implications of
regulations were presented based on UCMR 3 data, evaluating the effects of various regulatory
requirements on utilities (Alfredo et al., 2015). The dataset from UCMR 3 has also been cited for
1,4-dioxane research, especially from an early analysis by Adamson et al. (2017) that showed
surface water sources are only marginally lower in detection frequency for 1,4-dioxane than
ground water sources, and that the contaminant has an overall high rate of detection in public water
systems. Further details on UCMR events, and important differences between UCMR 3 & 4, are
explained further in section 3.2.

2.6 Knowledge Gaps
This thesis addresses the research question of whether biofiltration is a feasible treatment
option for 1,4-dioxane. The UCMR 3 database has been used to analyze 1,4-dioxane occurrence
trends throughout the U.S., based on factors such as system size and water source (Adamson et al.,
2017; Eaton et al., 2018); however, these previous studies did not take into consideration other
factors that were included in the later dataset of UCMR 4, such as treatment processes in place and
whether the facility utilized biofiltration or GAC filtration. This detailed treatment information
that was reported as part of UCMR 4 is the only database that contains this treatment information
for public water systems, and linking it to UCMR 3 contaminant occurrence data offers valuable
insight into water treatment current and potential operations. Additionally, this study compares
UCMR 3 and 4 biological filtration facilities to a comprehensive survey of many operational and
design characteristics of biofiltration facilities, provided by the North American Biofiltration
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Knowledge Base. The information contained within this Knowledge Base reflects previously
unreported information on many details of biofilter operations and design, such as individual
facility’s reported drivers of their biofiltration processes.
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Chapter 3: Methodology
This thesis presents an analysis of a survey carried out by the Water Research Foundation,
as well as an analysis of UCMR 3 occurrence data for 1,4-dioxane and UCMR 4 treatment process
data. All datasets were cleaned and analyzed using R Studio (R Core Team, 2018) with several
additionally installed R packages, including ggplot2 (Wickham, 2016), tidyr (Wickham, 2020),
UpSetR (Conway et al., 2017), dplyr (Wickham et al., 2021), purr (Henry & Wickham, 2020),
stringr (Wickham, 2019), ComplexUpset (Lex et al., 2014), table1 (Rich, 2021), gridExtra
(Auguie, 2017), usmap (Di Lorenzo, 2021), and ggthemes (Arnold, 2021).

3.1 North American Biofiltration Knowledge Base
As part of Water Research Foundation (WRF) project number 4459, a Biofiltration
Knowledge Base was created and made available for a selection of full-scale biofiltration facilities
in North America (Brown et al., 2016). Utilities were recruited through presentations at national
conferences across the U.S., circulations in water industry publications, and through regulatory
and utility engagement and networking (Brown et al., 2016). This may have led to a data bias
excluding smaller biofiltration facilities with fewer resources or with limited access to utility or
professional networks. From the data provided as a downloadable CSV file, it was found that a
total of 48 unique utilities were included in the survey, including 2 in Canada; no facilities from
Mexico were captured by the survey. Each utility responded to 509 survey questions, which were
broken down into the following categories: Facility Information, Planning, Evaluation, Design,
Operation, Source Water Quality Data, Filtered Water Quality Data, and Distribution and Settled
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Water Quality Data. While much of the Facility Information category had responses from all
utilities for most survey questions, many categories lacked responses, particularly in the Water
Quality Data categories where survey questions included reporting the utility’s average, maximum,
and minimum values for several parameters, such as assimilable organic carbon (AOC),
heterotrophic plate counts (HPC), temperature, and total and dissolved iron.
The survey database was then filtered to include only the survey responses that would offer
insight into current design and operations of North American biofilters as considered within the
scope of this thesis and what may be compared to the UCMR 3 data analysis, such as facility
capacity, source water type, media type, and whether chlorinated water is used for backwashing.
These data were then summarized and used to generate tables and graphs to better understand the
design and operations of facilities in North America in the context of CEC removal.

3.2 UCMR 3 & 4 Water System and 1,4-Dioxane Data
To gather information on 1,4-dioxane prevalence in the U.S. along with corresponding
facility characteristics, several datasets were combined. This combined database was then
compared to EPA SDWIS and North American Biofiltration Knowledge Base data. This process
is summarized in Figure 3.1, including non-detect handling and aggregate functions for the
multiple sampling events carried out per PWS.
Monitoring for 1,4-dioxane occurred under UCMR 3’s list 1 contaminant assessment,
requiring all public water systems serving more than 10,000 people and 800 systems serving fewer
than 10,000 people to monitor for 21 contaminants for a 12-month period between 2013 and 2015.
Beginning with UCMR 3 data for all contaminants included under the monitoring rule for all EPA
regions, the data reflected multiple sampling events per unique public water system ID (PWSID),
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requiring the use of an aggregate function to summarize each concentration; the impact of these
functions is shown in Figure 3.2. Data from UCMR 3 represented 6,200 unique public water
systems, and the aggregate statistic of 95th percentile was chosen as it is the most conservative

Figure 3.1 UCMR data processing schematic

approach to assess water system contaminant concentration. The next dataset, UCMR 4, was
completed for many of the same large PWSs as UCMR 3, with monitoring for the new list of
contaminants occurring between 2018 and 2020. This dataset was used to assign each PWSID
within UCMR 3 its recorded system characteristics, such as treatment processes and information
on carbon filtration and biofiltration. These details were not collected as part of UCMR 3, so
UCMR 4 was used to fill these data in for each PWSID, and it was assumed that these systems had
these characteristics at the time of sampling for UCMR 3. The UCMR 4 dataset included 4,467
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unique PWSIDs, and the combined dataset from UCMR 3 and UCMR 4 was 3,564 facilities with
complete treatment information. This dataset included many measurements below the minimum
reporting level (MRL) for 1,4-dioxane of 0.07 µg/L, considered non-detections (ND). Methods to
handle these values included testing four different values to assign to each ND, including 0.00
µg/L, 0.07 µg/L, 0.035 µg/L, and 0.0175 µg/L, representing virtually no 1,4-dioxane present, the
MRL, half of the MRL, and one-fourth of the MRL, respectively. This method is consistent with
several studies’ handling of NDs and aggregate functions for PWSs (Alfredo et al., 2014, 2015;
Conroy-Ben & Crowder, 2020; Guelfo & Adamson, 2018). The resulting concentration
distribution is shown in Figure 3.3.
A map showing facility 1,4-dioxane concentrations was created by assigning latitude and
longitude values to each PWSID address, resulting in 3,072 geolocated facilities with aggregated
1,4-dioxane concentrations. This map was used to identify geographical areas in the U.S. with
potential exposure risk to 1,4-dioxane. After locating areas of high concentrations by ZIP code,
these locations were mapped together with known biofiltration (BF) and GAC treatment process
locations by filtering the data based on 1,4-dioxane concentration and reported treatment process.
Locations of BF and 1,4-dioxane concentrations in the U.S. for all datasets in this study could be
placed in the 10 regions defined by the EPA, shown in Figure 3.4.
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Figure 3.2 Empirical cumulative distributions for various aggregate functions.
The 95th percentile was used for subsequent analyses within this research.

Figure 3.3 Empirical cumulative distributions for various methods for ND handling. ND
replacement of ½ MRL (0.035 µg/L) was used within this research.
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Figure 3.4 Map showing U.S. EPA regions (U.S. Environmental Protection Agency, 2020b)
3.3 EPA Safe Drinking Water Information System Data
Information regarding U.S. safe drinking water is maintained in the EPA’s Safe Drinking
Water Information System (SDWIS) (U.S. Environmental Protection Agency, 2021a). This
database stores information on all public water systems and any violations they incur. The final
dataset included in this study is comprised of all active community water systems reported in
EPA’s SDWIS as of the first quarter of 2021. In total, this dataset is comprised of 49,509 PWSs
listed as community water systems, which does not include non-public, non-transient noncommunity, or transient non-community water systems, or the approximately 44 million people in
the U.S. relying on private wells. For the remainder of this thesis, this dataset will be referred to
as SDWIS data, while the term PWS will be used to refer to unique PWSs within the UCMR data
or SDWIS data.

33

Chapter 4: Results and Discussion
4.1 System Size, Capacity, and Population Served
The North American Biofiltration Knowledge Base included a blank form for participating
utilities to enter the value for design capacity, in million gallons per day (MGD). From the data
summary of the survey, it was found that facility capacity ranged from 12 to 750 MGD; Figure 4.1
shows the design capacities of the surveyed facilities, with most facilities having capacities in the
lower two categories of 0 to 150 MGD (77.3%) and 150 to 350 MGD (20.5%).

Figure 4.1 Facility capacity by size category. Data: WRF Project #4459, North American
Biofiltration Knowledge Base.
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No other data were provided from the North American Biofiltration Knowledge Base about
facility size, such as population served or EPA size category. Additionally, this dataset did not
contain PWSIDs or other identifying information, which prevented linking it directly to UCMR
data or geolocating these facilities. The median capacity for the surveyed facilities was 67 MGD
(Table A.1). A facility with this average design capacity typically corresponds to a surface water
facility serving greater than 10,000 people, the second largest of the five EPA size classes (U.S.
Environmental Protection Agency, 2006a). From this, it is assumed that the North American
Biofiltration Knowledge Base represented only large facilities, similar to the UCMR database.
The EPA reports facility size with 5 size categories, including those that serve less than
500 people, those serving 501-3,300, those serving 3,301-10,000 people, those serving 10,001100,000 people, and those serving greater than 100,000 people. The SDWA defines small public
water systems as all systems serving fewer than 10,000 people. From the Government Performance
and Results Act (GPRA) Inventory Summary Report, it was found that, as of the first quarter of
2021, the highest EPA size categories by population served were systems serving over 10,000, or
the two largest size categories, shown in Figure 4.2. However, most community water systems in
the U.S. (91.1%) fall under the three smallest size categories and serve fewer than 10,000 people,
shown in Figure 4.3 (U.S. Environmental Protection Agency, 2021c).
From the UCMR combined dataset’s population category variable, Figure 4.4, the PWSs
by EPA population categories revealed that most PWSs that reported for UCMR 3 belonged to the
two highest size categories, serving populations between 10,000 and 100,000 (63.6%) and
populations greater than 100,000 (9%). All other categories accounted for less than 1% of the
3,093 PWSs. By comparing to the GPRA Inventory Summary Report data, this suggests that
UCMR 3 results represent the exposure risk for the largest portion of the population, as these two
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Figure 4.2 Population served by EPA population category (N= 315,096,997 people). Data:
GPRA Inventory Summary Report (U.S. Environmental Protection Agency, 2021c)

Figure 4.3 Systems served by EPA population category (N=49,755 systems). Data: GPRA
Inventory Summary Report (U.S. Environmental Protection Agency, 2021c)
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size categories for community water systems serve a combined 83.1% of the total population.
However, this also indicates that the facility information collected by UCMR 3 and UCMR 4, by
focusing on systems serving greater than 10,000 people, is only representing a small subset of the
total systems, or 8.9% of community water systems in the U.S.

Figure 4.4 UCMR PWSs by EPA population category (N=3,093 PWSIDs). Data: Combined
UCMR.
4.2 Biological Filtration Compared to National Drinking Water Trends
According to the North American Biofiltration Knowledge Base, most surveyed facilities
use surface water sources or a blend of surface and ground water; only one facility out of the 44
that responded to this question uses only ground water (Figure 4.5). Figure 4.5 also shows that
most facilities use ozone as the primary disinfectant (26), while 15 facilities use chlorine, the next
highest primary disinfectant used. For biofilter media type, only 1 reported using sand as the
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medium, while 15 used a combination of GAC and sand and 15 other facilities used a
sand/anthracite blend. Out of the 30 facilities that reported the type of water they used for
backwashing, most used unchlorinated water (18 facilities), while 8 used chlorinated and 4 used
chloraminated water for backwashing, suggesting a priority by most facilities on maintaining a
biofilm.
With EPA monitoring for UCMR 4, an additional data elements portion was recorded that
was not collected for UCMR 3. This included reporting disinfectant type, or all the
disinfectants/oxidants added prior to entry to the distribution system, and treatment information.
For disinfectant type, there were 13 options, with the ability to choose multiple. These include
permanganate, hydrogen peroxide, gaseous chlorine, offsite generated hypochlorite (stored as a
liquid form), onsite generated hypochlorite, chloramine (formed with gaseous chlorine, offsite
hypochlorite, or onsite hypochlorite), chlorine dioxide, ozone, ultraviolet light, other, and no
disinfectant used. Many options were available for treatment information, including conventional
(non-softening, consisting of at least coagulation/sedimentation basins and filtration), in-line
filtration, direct filtration, softening, slow sand filtration, granular activated carbon adsorption,
biological filtration (operated with an intention of maintaining biological activity within filter),
groundwater system with disinfection only, membrane filtration, and several others.
To understand the use of both single and multiple primary disinfectants at treatment plants
reporting biological filtration, the combined UCMR database was analyzed and presented as a
combined set of plots in Figure 4.6. The same analysis was carried out with a subset of the data,
restricting analysis to only those reporting the use of BF in their treatment process, presented in
Figure 4.7. These plots combine three specific analyses: the size of each intersecting group on top
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Figure 4.5 Utility characteristics and operational parameters. Number reported per category, for
A) source water type, B) primary disinfectant used at given utility, C) type of media used in
biofilters, and D) type of water used for backwashing. Data: WRF Project #4459, North
American Biofiltration Knowledge Base.
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(read as a count, as in the size of an overlapping section of a Venn diagram), set size on the bottom
left representing the total count of responses for each option, and a visual representation of the
response groupings on the bottom right. This type of data presentation allows for a visual analysis
of the intersections of responses and how often each response or set of responses was reported.
Chlorine is by far the most used primary disinfectant at utilities included in the combined UCMR
3 & 4 database and is the only disinfectant used in 1,766 PWSs. Additionally, 2,434 PWSs (78.8%)
use chlorine as part of their primary disinfectant processes. Chloramine is the second most popular
disinfectant used at reporting PWSs and is the sole disinfectant in 429 PWSs. While 226 PWSs
report using ozone as a disinfectant, only 3 use it as the only disinfectant, while most (70 PWSs)
report ozone use alongside chlorine disinfection. Interestingly, 109 PWSs report not using any
form of primary disinfectant.
Comparing these disinfectant use trends to only those operating a biofilter, a different
intersection size trend emerges (Figure 4.7), with combined chlorine and ozone disinfection use
dominating disinfection practices. From the data, 78% of utilities in the subset database use some
form or combination of chlorine disinfection at their utilities and 63.1% use ozone in some
capacity. A total of 26.2 %, the largest category of disinfection practices, use a combined chlorine
and ozone application. In total, 51 PWSIDs (78.5%) and 41 PWSIDs (63.1%) use chlorine and
ozone, respectively. It is important to note that all PWSs with biological filtration have reported
using some form of primary disinfectant within their treatment processes.
This use of combined chlorine and ozone is consistent with the presence of these practices
within the biofiltration research. Many experimental setups exploring optimizing biofiltration
account for the application of chlorine and ozone in some manner, often by direct disinfectant use
within the study or by sampling at points in the facility that follow disinfectant application
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Figure 4.6 Overlap of responses for primary disinfectant, all PWSs. Data: Combined UCMR for
all PWSIDs.

Figure 4.7 Overlap of responses for primary disinfectant, biofiltration PWSs. Data: Combined
UCMR for PWSs that have biological filtration.
41

(Bacaro et al., 2019; Gerrity et al., 2011, 2014, 2018; Hammes et al., 2006; Huang et al., 2005; Li
et al., 2021; Sundaram & Pagilla, 2020; Vatankhah et al., 2019; Vera et al., 2018; Westerhoff et
al., 2005; Zoumpouli et al., 2019).
According to the North American Biofiltration Knowledge Base dataset, responses to the
survey question regarding what contaminant is targeted for removal by their biofiltration
application, total organic carbon (TOC), whether alone (20.6% of respondents) or as part of a list
(26.5%), emerges as the contaminant of greatest concern (Figure 4.8). TOC alone is the highest

Figure 4.8 Overlap of responses for biofiltration contaminant targets. Data: WRF Project #4459,
North American Biofiltration Knowledge Base.

response category with a combined TOC and AOC as the second greatest priority. Taste and odor
concerns are also important for utilities responding to this survey.
In summary, the operations and system characteristics between these databases represent
different scales of the population, from the entire U.S. in the SDWIS data, to large systems in the
combined UCMR data, to a subset of PWSs that use BF in the North American Biofiltration
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Knowledge Base. While the combined UCMR data showed high use of chlorine disinfection, the
North American Biofiltration Knowledge Base and the subset of UCMR data that uses BF revealed
a preference for ozone with chlorine disinfection. Furthermore, each dataset and subset showed an
approximately even divide between ground water and surface water sources, with similar trends
across all datasets except for SDWIS data, which revealed much greater use of ground water
sources than reported in the North American Biofiltration Knowledge Base or UCMR data. Thus,
national drinking water trends differ between these subsets, as operational and design trends
emerge for BF facilities.
EPA databases typically include six ownership categories, including federal government,
local government, Native American, private, public/private, and state government. Ownership of
a PWS is important for several reasons. Generally, mostly local government and limited private
utilities qualify for certain government improvement loans and grants such as the EPA Water
Infrastructure Finance and Innovation Act (WIFIA), USDA Water & Waste Disposal Loan &
Grant (WWDLG) program, or the State Revolving Fund (SRF). Others, such as Native American
owned utilities, may be funded by programs such as the Water Infrastructure Improvements for
the Nation (WIIN) Act’s Assistance for Small and Disadvantaged Communities Grant program
(U.S. Environmental Protection Agency, 2020c). If an emerging contaminant like 1,4-dioxane is
regulated in the future, the ability of utilities to secure funds for capital improvements to meet the
new regulation is important.
From the analysis of the combined UCMR data, it was found that most reporting PWSs
were owned by local government (85.2%), with privately owned facilities next highest at 11.0%.
For PWSs with 1,4-dioxane concentrations above the New York State MCL of 1.00 µg/L, 66.2%
were owned by local government, while 24.6% were private (Table 4.1). This breakdown of
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ownership type is inconsistent with that of all 49,509 PWSs included in the SDWIS database, with
approximately half owned by local government and over 45% privately owned. The PWSs
monitored for UCMR 3 & 4 are biased towards locally owned utilities, underrepresenting the share
of private utilities in the U.S.
The last category explored within the data was the source water designation. In EPA
databases, six categories are used: groundwater, groundwater purchased, groundwater under
influence of surface water, purchased groundwater under influence of surface water source, surface
water, and surface water purchased. From SDWIS data for all active PWSs, approximately 77.7%
use ground water sources, with 22.3% reporting surface water. According to the combined UCMR
3 & 4 dataset, most PWSs in this dataset utilize surface water sources, with 68.2% reporting surface
water and 31.8% using ground water or ground water under direct influence of surface water. For
PWSs at concentrations above the NY MCL for 1,4-dioxane, 56.9% use surface water, while
43.1% use ground water sources. Thus, for both the PWSs included in UCMR data, as well as with
elevated 1,4-dioxane concentrations, elevated 1,4-dioxane concentrations in drinking water are not
limited to ground water or drinking water sources according to the occurrence data. However,
compared to the distribution of all UCMR 3 & 4 PWSs, elevated concentrations are slightly higher
for ground water, as the distribution of at-risk PWSs contains more that utilize ground water
sources than the portion of the entire UCMR dataset that reports ground water sources (Table 4.1).
Also, both the combined UCMR data and North American Biofiltration Knowledge Base data are
biased towards surface water systems, as the national trend in the SDWIS dataset reports mostly
ground water use. Most facilities with biological filtration use surface water sources, as they
commonly require a filtration step to address prevalence of NOM. PWSs using surface water
sources also typically use ozone in combination with filtration for deactivation of Cryptosporidium
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parvum. From UCMR data, it was found that only 4 PWSs in the U.S. included in UCMR data
that report BF treatment processes also report using groundwater sources, with the majority
(92.3%) reporting surface water as their water source.
As seen in Table 4.1, these datasets contain a wealth of information, including the overall
size category distributions, geographical regions, source waters, and disinfectant usage. However,
the most comprehensive dataset, the North American Biofiltration Knowledge Base results, was
limited with regard to geographical location data and facility size information, as neither of these
metrics were reported in the dataset. Had location data such as ZIP codes been included, a
comparison to SDWIS biofiltration facilities could have been made to ascertain whether the survey
is a good representation of biofilters in each area. Similarly, had an EPA size category, population
served, or even service connections been provided by the survey, this could have been linked and
compared directly to the other datasets.

4.3 Mapping of 1,4-Dioxane Detections and Biofiltration Potential
The aggregate function chosen to combine various sampling events per PWSID, shown
previously in Figure 3.2, was the 95th percentile values. Of the 21,081 sampling events that were
reported for 1,4-dioxane in UCMR 3, 18,707 were NDs (88.7%). Within the combined UCMR
database, the average concentration of 1,4-dioxane was 0.151 µg/L (SD = 0.818 µg/L), with a
range of 0.0350 to 33.2 µg/L. The lower end of the range represents the inclusion of ND values in
the total combined UCMR dataset, set to half the value of the minimum reporting level of 0.07
µg/L. In total, 684 PWSs (22.2%) had detected 1,4-dioxane, while 65 (2.1%) exceeded New York
State’s MCL of 1.00 µg/L. The MCL-exceeding PWSs had an average 1,4-dioxane concentration
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Table 4.1 Summary of utility demographics and database information

Major Characteristics

Source water
SW
GW
GUI
Blend
Ownership
Federal government
Local government
Native American
Private
Public/Private
State government
Utility size
Very small (<500)
Small (501-3,300)
Medium (3,301-10,000)
Large (10,01-100,000)
Very large (>100,000)

North American
Biofiltration
Knowledge Base,
n=48

Combined UCMR 3
& 4 (all), n=3,087
Count (%)

Count (%)

Combined UCMR
(biofiltration only),
n=65

SDWIS database
(CWS only),
n=49,509

Count (%)

Count (%)

32 (66.6)
1 (2.1)
--11 (22.9)

2,105 (68.2)
944 (30.6)
38 (1.2)
---

60 (92.3)
4 (6.2)
1 (1.5)
---

39,479 (77.7)
11,011 (22.2)
19 (0.04)
---

-------------

49 (1.6)
2,631 (85.2)
8 (0.3)
339 (11.0)
38 (1.2)
22 (0.7)

0 (0.0)
57 (87.7)
0 (0.0)
7 (10.8)
1 (1.5)
0 (0.0)

368 (0.7)
24,260 (49.0)
707 (1.4)
22,521 (45.5)
1,201 (2.4)
452 (0.9)

-----------

3 (0.1)
3 (0.1)
32 (1.0)
2,670 (86.3)
379 (12.3)

0 (0.0)
0 (0.0)
0 (0.0)
33 (50.8)
32 (49.2)

26,778 (54.1)
13,317 (26.9)
5,015 (10.1)
3,955 (8.0)
444 (0.9)

NOTE: “---” indicates the information was not included in the database
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Table 4.1 continued

Major Characteristics

Geography (EPA Region)
1
2
3
4
5
6
7
8
9
10
Primary disinfectant use
Chlorine
Chloramine
Ozone
Other
None

North American
Biofiltration
Knowledge Base,
n=48

Combined UCMR 3
& 4 (all), n=3,087
Count (%)

Count (%)

Combined UCMR
(biofiltration only),
n=65

SDWIS database
(CWS only),
n=49,509

Count (%)

Count (%)

0 (0.0)
2 (4.9)
8 (19.5)
8 (19.5)
5 (12.2)
7 (17.1)
1 (2.4)
2 (4.9)
8 (19.5)
0 (0.0)

200 (6.5)
277 (9.0)
241 (7.8)
723 (23.4)
578 (18.7)
330 (10.7)
100 (3.2)
139 (4.5)
362 (11.7)
137 (4.4)

4 (6.2)
11 (16.9)
5 (7.7)
12 (18.5)
12 (18.5)
5 (7.7)
1 (1.5)
2 (3.1)
9 (13.8)
4 (6.2)

2,614 (5.3)
3,357 (6.8)
4,105 (8.3)
8,308 (16.8)
7,148 (14.4)
7,827 (15.8)
3,986 (8.1)
3,376 (6.8)
4,361 (8.8)
4,427 (8.9)

15 (31.2)
2 (4.2)
26 (54.2)
1 (2.1)
---

2,434 (78.7)
828 (26.8)
226 (7.3)
459 (14.8)
109 (3.5)

52 (78.5)
31 (47.7)
41 (63.1)
15 (23.1)
0 (0.0)

-----------

NOTE: “---” indicates the information was not included in the database
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of 3.66 µg/L (SD = 4.34 µg/L). The results of geolocating the combined UCMR dataset with
aggregated concentrations of 1,4-dioxane are shown in Figures 4.9- 4.11. Figure 4.9 shows the
locations of all PWSs included in the data, with a log scale concentration color gradient showing
the distribution of elevated 1,4-dioxane concentrations.

Figure 4.9 Map of all combined UCMR data PWS locations and 1,4-dioxane concentrations.
NDs were replaced with ½ MRL (0.035 µg/L).
Comparing this to Figure 4.10, which removes the values reported as NDs, it is seen that
there are geographical clusters of higher concentrations, such as in North Carolina. Figure 4.11
shows locations of biological filtration treatment processes; located in and around PWSs with
known detections of 1,4-dioxane, these facilities may represent an opportunity to address elevated
1,4-dioxane concentrations. Also from Figure 4.11, a map of PWSs that have reported GAC as
part of their treatment processes, it is observed that many more opportunities for upgrades to GAC
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treatment processes exist in areas with elevated 1,4-dioxane concentrations, as compared to
already-existing biological filtration.
The full-scale facilities included in the North American Biofiltration Knowledge Base were
located in all but 2 regions in the U.S. EPA jurisdiction. The number of surveyed facilities per
region is listed in Table 4.1. Regions 3, 4, and 9 had the most known BF facilities, with 8 reported
from each of these regions. Of the 65 PWSs with measured 1,4-dioxane concentrations above the
New York State MCL of 1.00 µg/L, most were located in regions 2, 4, and 9. Of the 277 PWSs
reported in the UCMR dataset that have biological filtration or GAC as part of their treatment
processes (Table A.2), most are contained in regions 2, 4, and 5. Of the facilities that do not have
biological filtration, 194 (6.4%) use GAC in their treatment process, treatment that is most
prevalent in regions 3, 4, and 9.
Representing high-risk utilities, Table 4.2 reports the regions with the most PWSIDs
having concentrations above New York State’s MCL of 1.00 µg/L, which includes regions 2, 4,
and 9, while only region 4’s high-risk PWSs have biological filtration (2 PWSs of 65 high-risk).
Evaluating these high-risk utilities for potential upgrades to biological filtration, approximately
half use GAC and also are located in regions at higher risk for 1,4-dioxane contamination,
presenting an opportunity for biological degradation of this CEC.
Using the combined UCMR data, 1,4-dioxane presence and reported use of BF or GAC
filtration were aggregated to ZIP codes and are presented in Table 4.3. Of the ZIP codes containing
facilities with 1,4-dioxane detections (concentrations > 0.035 µg/L), 3.1% have BF and 11.5%
have GAC but not BF. Only two ZIP codes (3.3%) contain facilities with concentrations above
New York State’s MCL and have BF present; however, 20 facilities (32.8%) currently use GAC
filtration, representing an opportunity to retrofit these at-risk populations’ facilities within these
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Figure 4.10 Map of combined UCMR data PWS locations with detections of 1,4-dioxane (>
0.035 µg/L)

Figure 4.11 Map of combined UCMR data PWS locations with detections of 1,4-dioxane and
locations with GAC and BF.
50

ZIP codes. For BF, similar trends are seen whether looking at all ZIP codes included in UCMR 3
data, ZIP codes with detected 1,4-dioxane, or ZIP codes with 1,4-dioxane levels at New York
State’s MCL: there exists a low percentage of ZIP codes with BF treatment processes in place. For
GAC, this trend changes, with detections occurring with higher instances of GAC use, and
concentrations at or above the New York State MCL having GAC treatment processes (32.8% of
ZIP codes).
Table 4.2 High-Risk PWSs per EPA region showing BF and GAC use

EPA Region

All
PWSs
Reporting GAC
Use, UCMR,
n=194
Count (%)

High-Risk
PWSs, UCMR,
n=65
Count (%)

Region 1
Region 2
Region 3
Region 4
Region 5
Region 6
Region 7
Region 8
Region 9
Region 10

19 (9.8)
24 (12.4)
31 (16.0)
30 (15.5)
25 (12.9)
12 (6.2)
3 (1.5)
3 (1.5)
45 (23.2)
2 (1.0)

2 (3.1)
21 (32.3)
5 (7.7)
18 (27.7)
7 (10.8)
0 (0)
1 (1.5)
1 (1.5)
10 (15.4)
0 (0)

High-Risk
PWSs
Reporting
Biofiltration
Use, UCMR,
n=2
Count (%)
0 (0)
0 (0)
0 (0)
2 (100)
0 (0)
0 (0)
0 (0)
0 (0)
0 (0)
0 (0)

High-Risk
PWSs
Reporting GAC
Use, UCMR,
n=21
Count (%)
0 (0)
10 (47.6)
2 (9.5)
4 (19.0)
0 (0)
0 (0)
0 (0)
1 (4.8)
4 (19.0)
0 (0)

Note: High-risk PWSs are those that have reported 1,4-dioxane concentrations above 1.00 µg/L. The portion of
PWSIDs reporting GAC use was limited to PWSs that did not already have biofiltration, to represent potential for
upgrade to biofiltration. Data: WRF Project #4459, North American Biofiltration Knowledge Base; Combined UCMR.

Table 4.3 ZIP code summary data

Treatment

Unique ZIP Codes,
n=2,815
count (%)

ZIP Codes with
>0.035 µg/L
(N=636)

ZIP Codes with
>1.00 µg/L
(N=61)

BF, yes
BF, no
GAC, yes
GAC, no

62 (2.2)
2,753 (97.8)
175 (6.2)
2,640 (93.8)

20 (3.1)
616 (96.9)
73 (11.5)
563 (88.5)

2 (3.3)
59 (96.7)
20 (32.8)
41 (67.2)
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Chapter 5: Summary and Conclusions
This research analyzed several databases to accomplish objectives related to assessing the
current prevalence and characteristics of biological filtration in the U.S., as well as characteristics
of PWSs with 1,4-dioxane detections. To accomplish objective 1, understanding current use of
biofiltration in the U.S., the North American Biofiltration Knowledge Base dataset was used to
gather information in BF process design and operational habits, such as media type and
disinfection scheme. Also for objective 1, SDWIS and UCMR 3 & 4 databases were used to
understand overall characteristics for PWSs, including size categories, locations, disinfectant use,
source waters, and treatment processes. To accomplish objectives 2 and 3, determining 1,4dioxane prevalence and the feasibility of biofiltration to address higher concentrations, geolocated
UCMR data were used to assess “hot spots” and PWSs at risk for 1,4-dioxane occurrence, and to
determine whether BF may be implemented in these areas to address this CEC.

5.1 Objective 1: Current U.S. Biological Filtration Practices
In developing an understanding of current BF practices in the U.S., several trends were
noticed while comparing across national and BF datasets. First, it is worth noting that UCMR 3
occurrence data cover 83.1% of the population, but this is a representation of only 8.9% of PWSs
in the U.S., as most PWSs in the nation serve communities smaller than 10,000 people. UCMR
data also report on a greater portion of local government PWSs, compared to the portion of total
active PWSs in the U.S. that are owned by local government. As a result of this reporting bias
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towards local government PWSs in UCMR data, much of private PWSs 1,4-dioxane occurrence is
unknown (11% private from UCMR data, 45.5% private from SDWIS data).
In national trends for source water preferences from SDWIS data, 77.7% of PWSs in the
U.S. utilize surface water sources, while only 68.2% of PWSs in the UCMR database use surface
water. Additionally, for disinfection use, most UCMR PWSs use chlorination. Thus, compared to
SDWIS data for all PWSs in the U.S., UCMR PWSs are much larger, utilize more ground water
sources, and suggest a focus on chlorine as the main disinfectant.
For the subset of UCMR data of PWSs reporting BF use, a much higher frequency of ozone
use was found in addition to chlorination. PWSs with BF also utilize surface water sources much
more often than national trends for PWSs (92.3% of the 65 BF PWSs reported in UCMR 3). EPA
regions 3, 4, and 9 had the most BF facilities as found in the North American Biofiltration
Knowledge Base data, while UCMR analysis found regions 2, 4, and 5 contained the most BF
facilities, suggesting that, of the EPA regions, region 4 PWSs use the most BF treatment processes.
From the North American Biofiltration Knowledge Base, it was found that facilities with
biofiltration almost equally use ground water or surface water sources, and frequently use ozone
as their primary disinfectant. Dual-media use is common among these facilities, with sand or GAC
alone being infrequent filter media options. Furthermore, most systems backwash with
unchlorinated water, suggesting operations designed to preserve the biofilm. Finally, the North
American Biofiltration Knowledge Base showed TOC removal and taste and odor concerns are
the most frequently reported targets for BF use.
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5.2 Objectives 2 and 3: Prevalence of 1,4-Dioxane and Potential for Biological Filtration
From the UCMR 3 sampling data, 88.7% of sampling events in UCMR 3 for 1,4-dioxane
were NDs. After aggregation of sampling data, 22.2% of UCMR PWSs detected 1,4-dioxane,
while only 2.1% exceeded New York State’s MCL of 1.00 µg/L. The average 1,4-dioxane
concentration, with NDs set to ½ MRL (0.035 µg/L), was 0.151 µg/L (SD = 0.818 µg/L), while
PWSs with values above the MCL had an average concentration of 3.66 µg/L (SD = 4.34 µg/L).
Of the PWSs that exceeded the MCL, most were located in regions 2, 4, 5, and 9, and only 2 of
these PWSs reported current use of BF. Furthermore, 21 PWSs in regions exceeding the MCL for
1,4-dioxane currently use GAC, representing an opportunity to upgrade to BF. Only 3.1% of PWSs
with detected 1,4-dioxane currently use BF. In summary, most PWSs included in UCMR 3 do not
report detections of 1,4-dioxane, but these occurrence data represent only a small portion of PWSs
in the U.S., despite serving most of the population. Of those PWSs with 1,4-dioxane detections,
the highest were located in the same regions that contain the most BF and the most GAC treatment
processes, though very few of the 1,4-dioxane-detecting PWSs report BF or GAC use. This may
present an opportunity to upgrade to, or introduce, BF in PWSs located in regions that already
have higher rates of BF use.
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Appendix A: Additional Database Results
Table A.1. Summary statistics for survey. Data: WRF project #4459, North American
Biofiltration Knowledge Base
Survey Question
Capacity (MGD)
Mean (SD)
Median [Min, Max]
Missing
Process Scheme
Conventional - no Ozone
Conventional - Ozone/BAF
Direct Filtration - Ozone/BAF
Other
Missing
Number of Filters
Mean (SD)
Median [Min, Max]
Missing
Primary Disinfectant
Chloramines
Chlorine
Chlorine Dioxide
Ozone
UV
Missing
Biofilter Media Type
GAC
GAC/sand
sand
sand/anthracite
Missing
Type of Water Used for Backwashing
chloraminated

Overall (N=48)
109 (125)
67.0 [12.0, 750]
4 (8.3%)
10 (20.8%)
23 (47.9%)
3 (6.2%)
9 (18.8%)
3 (6.2%)
17.6 (13.6)
14.0 [2.00, 54.0]
7 (14.6%)
2 (4.2%)
15 (31.2%)
1 (2.1%)
26 (54.2%)
1 (2.1%)
3 (6.2%)
7 (14.6%)
15 (31.2%)
1 (2.1%)
15 (31.2%)
10 (20.8%)
4 (8.3%)

chlorinated

8 (16.7%)

unchlorinated

18 (37.5%)

Missing

18 (37.5%)
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Table A.2. Summary statistics for all PWSs in combined UCMR data
Overall (N=3,087)
1,4-dioxane Concentration (µg/L)
Mean (SD)
Median [Min, Max]
Population Served
Mean (SD)
Median [Min, Max]
Biofiltration
no
yes
GAC
no
yes

0.151 (0.818)
0.0350 [0.0350, 33.2]
67700 (221000)
27600 [0, 8270000]
3022 (97.9%)
65 (2.1%)
2875 (93.1%)
212 (6.9%)

Table A.3. Summary statistics for PWSs with 1,4-dioxane concentrations above 1.00 µg/L
Overall (N=65)
1,4-dioxane Concentration (µg/L)
Mean (SD)
Median [Min, Max]
Population Served
Mean (SD)
Median [Min, Max]
Biofiltration
no
yes
GAC
no
yes

3.66 (4.34)
2.78 [1.02, 33.2]
72000 (119000)
43900 [10700, 823000]
63 (96.9%)
2 (3.1%)
43 (66.2%)
22 (33.8%)
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